UNC-45B is a multidomain molecular chaperone that is essential for the proper folding and assembly of myosin into muscle thick filaments in vivo. We have previously demonstrated that its UCS domain is responsible for the chaperone-like properties of UNC-45B. In order to better understand the chaperoning function of the UCS domain we engineered mutations designed to: i) disrupt chaperone-client interactions by removing and altering the structure of the putative client-interacting loop and ii) disrupt chaperone-client interactions by changing highly conserved residues in the putative client-binding groove. We tested the effect of these mutations by using a novel combination of complementary biophysical (circular dichroism, intrinsic tryptophan fluorescence, chaperone activity, and SAXS) and in vivo tools (C. elegans sarcomere structure). Removing the client-holding loop had a pronounced effect on the secondary structure, thermal stability, solution conformation and chaperone function of the UCS domain. These results are consistent with previous in vivo findings that this mutation neither rescue the defect in C. elegans sarcomere organization nor bind to myosin. We found that mutating several conserved residues in the client-binding groove do not affect UCS domain secondary structure or structural stability but reduced its chaperoning activity. We found that these groove mutations also significantly altered the structure and organization of the worm sarcomeres. We also tested the effect of R805W, a mutation distant from the client-binding region. Our in vivo data show that, to our surprise, the R805W mutation appeared to have the most drastic effect on the structure and organization of the worm sarcomeres. In humans, the R805W mutation segregates with human congenital/infantile cataract, indicating a crucial role of R805 in UCS domain stability and/or client interaction. Hence, our experimental approach combining biophysical and biological tools facilitates the study of myosin/chaperone interactions in mechanistic detail.
ABSTRACT
UNC-45B is a multidomain molecular chaperone that is essential for the proper folding and assembly of myosin into muscle thick filaments in vivo. We have previously demonstrated that its UCS domain is responsible for the chaperone-like properties of UNC-45B. In order to better understand the chaperoning function of the UCS domain we engineered mutations designed to: i) disrupt chaperone-client interactions by removing and altering the structure of the putative client-interacting loop and ii) disrupt chaperone-client interactions by changing highly conserved residues in the putative client-binding groove. We tested the effect of these mutations by using a novel combination of complementary biophysical (circular dichroism, intrinsic tryptophan fluorescence, chaperone activity, and SAXS) and in vivo tools (C. elegans sarcomere structure). Removing the client-holding loop had a pronounced effect on the secondary structure, thermal stability, solution conformation and chaperone function of the UCS domain. These results are consistent with previous in vivo findings that this mutation neither rescue the defect in C. elegans sarcomere organization nor bind to myosin. We found that mutating several conserved residues in the client-binding groove do not affect UCS domain secondary structure or structural stability but reduced its chaperoning activity. We found that these groove mutations also significantly altered the structure and organization of the worm sarcomeres. We also tested the effect of R805W, a mutation distant from the client-binding region. Our in vivo data show that, to our surprise, the R805W mutation appeared to have the most drastic effect on the structure and organization of the worm sarcomeres. In humans, the R805W mutation segregates with human congenital/infantile cataract, indicating a crucial role of R805 in UCS domain stability and/or client interaction. Hence, our experimental approach combining biophysical and biological tools facilitates the study of myosin/chaperone interactions in mechanistic detail.
Statement of Significance
The folding of myosin and the assembly of a functional sarcomere requires the chaperone UNC-45B. The molecular mechanism(s) for how UNC-45B assist in this assembly process or prevent stress-induced aggregation states are presently unknown.
Answering this question is a problem at the core of muscle development and function.
Here we developed a novel approach that combines biophysical and biological tools to study UNC-45B/myosin interactions in mechanistic detail. Our approach may provide critical insights into the molecular nature of the pathogenesis of many muscle disorders stemming from mutations in sarcomeric proteins including skeletal myopathies and cardiomyopathies, and possibly the age-associated decline in muscle mass and function found in the elderly known as sarcopenia.
INTRODUCTION
The arrangement of not just the thick and thin filaments, but numerous other proteins into the exacting arrangement of the semi-crystalline lattice making up the sarcomere is essential for muscle contractile function. This process is partially autonomous, an intrinsic property of its component proteins. However, the assembly of a functional sarcomere requires molecular chaperones (1) . These serve to prevent aggregation of unfolded intermediates and according to recent evidence, to help assemble the sarcomere (2-4). The molecular mechanism(s) for how chaperones assist in this assembly process or prevent stress-induced aggregation states are presently unknown.
Answering this question is a problem at the core of muscle development and function (5, 6) . This understanding may provide critical insights into the molecular nature of the pathogenesis of many muscle disorders stemming from mutations in sarcomeric proteins including skeletal myopathies and cardiomyopathies, and possibly the ageassociated decline in muscle mass and function found in the elderly known as sarcopenia. Amongst the sarcomeric chaperone proteins known to be involved in the folding of myosin is UNC-45 (2, 3, (7) (8) (9) (10) . Although C. elegans and Drosophila each have only one unc-45 gene, vertebrates have two unc-45 genes, one (UNC-45B), expressed only in striated muscle cells, and the other (UNC-45A) expressed in multiple cell types (8) .
UNC-45B is a UCS-domain containing protein that functions as a myosin chaperone promoting the folding of the myosin head (or S1 fragment) as well as coordinating the assembly of thick filaments during muscle development (2, 4, (7) (8) (9) (10) (11) .
Our previous data demonstrates that UNC-45B is a unique multidomain chaperone where each domain has a clearly defined and distinct function ( Fig. 1) : i) the TPR domain binds specifically to Hsp90 (11) (12) (13) ; ii) the central domain, binds the myosin head and/or neck (14) ) and inhibits the actin translocation function of myosin (15) ; iii) the conserved UCS domain is alone capable of preventing the aggregation of its client protein, the myosin head, and it is responsible for the chaperone-like properties of UNC-45B (14) .
Structurally, the myosin-interacting element shared by UCS proteins consists of nine copies of the armadillo domain (3, 8, (16) (17) (18) (19) (20) . Although no human UNC-45 structure is available, homology models have been created via in silico molecular modeling and simulations (21) . Fig. 2A shows a homology model of the human UCS domain of UNC-45B depicting armadillo repeats 9 to 17 (armadillo repeats 1-8 reside in the central domain). These armadillo repeats consist of 3 alpha helices (a short H1 of roughly two helical turns followed by two longer H2 and H3 helices) with an average of 42 residues with diverse sequences, but highly conserved structures (Fig. 2B) . These helices arrange in a superhelical structure defining a protein-binding groove that is conserved in many armadillo repeat containing proteins (17, (22) (23) (24) . In human UNC-45B this groove comprises highly conserved residues in the UCS domain, such as the NYE…LTNL and DRLK sequences in repeats 13 and 15, respectively (highlighted in green in Fig. 2B ).
When mapped onto the human UCS homology model these highly conserved amino acid residues in helix 13H3 form a large surface patch in the groove (highlighted in red in Fig. 3A) . Based on the marked homology of the UCS domain to -catenin, Gazda et al. (2013) (17) predicted that this groove may serve as a myosin-binding surface and were able to identify key residues for myosin interaction. By mapping a β-catenin ligand onto the C. elegans UNC-45 UCS domain they predicted that N758 (N745 in human sequence) should be critical for tethering the main-chain of the captured substrate, whereas the nearby Tyr750 (Y737 in human) should contribute to the hydrophobic character of the outer rim of the UCS groove (Fig. 3) . In vivo mutagenesis analysis revealed that in contrast to a Y750W mutant, which is still capable to restore muscle function, a N758Y mutant failed to rescue a temperature-sensitive unc-45 mutant (in worms carrying the ts allele unc-45(m94, mutation E781K) grown at the nonpermissive temperature. Further analysis of C. elegans mutations affecting myosin-binding groove by the same group confirmed that UNC-45 carrying Y750W mutation was able to support production of soluble myosin motor domain when coexpressed in insect cells, even though to less extent than wt UNC-45 (20) . N758Y unfortunately failed to express in insect cells efficiently, suggesting structure destabilizing nature of this mutation.
Another potential important myosin-interacting region of UCS proteins is a flexible loop with minimal electron density conserved in the UNC-45 structures of C. elegans and D. melanogaster, which has been shown to be susceptible to trypsin digestion in the Drosophila protein (19) . This flexible loop is colored green in Figs. 2 and 3, and when deleted should disrupt the substrate-binding cleft and abrogate the interaction with myosin and it was found that a 602-630 mutant (N584-D614 in human sequence) neither rescue the defect in sarcomere organization nor bind to myosin in immunoprecipitation experiments (17) . These data indicate that the loop may sense and capture an unfolded portion of myosin, and act as a "trap door" to capture exposed myosin peptides within the UCS groove (8) . We propose that the groove is the inside of a box and the loop is the lid of the box.
Another suitable candidate for UCS domain destabilization and reduction of its ability to bind myosin head is Arg805 since based on x-ray crystal structure of Drosophila UNC45, R803 (R805 in human) has been implicated to form inter-repeat ion pair interaction with Dm E766 (E767 in human) and thus stabilize ARM repeats 18 and 19 (repeats 14 and 15 in human UNC-45B) (19) . Consistent with this idea, autosomal dominant negative mutation R805W in human UNC45B has been associated with congenital/infantile cataract in three generations of a Danish family (25) .
In this work we used mutagenesis to test the following hypotheses: i) that the putative client-interacting loop in UCS functions as a sensor and holder for the unfolded or partially folded client polypeptide chain ('client-holding loop') and ii) that the putative 'client-binding groove' region in UCS functions as a binding site for the client polypeptide chain. We used a combination of complementary assays that probe the effect of mutations on: i) its structure and stability by Circular Dichroism (CD); ii) its conformational changes (by using tryptophan fluorescence); iii) its client chaperoning activity (by using heat-inactivation protection assays); iv) its overall shape and conformation in solution (by using Small angle X-ray scattering (SAXS)); and v) assessing the in vivo effects in C. elegans.
MATERIALS AND METHODS

Mutagenesis, Protein Expression and Purification of proteins
The UCS domain constructs (wild-type and mutants) of UNC-45B (residues 501-931) from Homo sapiens were codon optimized for expression in Escherichia coli, synthesized (GenScript, Piscataway, NJ) and subcloned into a pET-28 vector (EMD Millipore, Billerica, MA) or pET30A (Novagen) respectively. The N745W, Y737W and R805W substitution in were introduced into UCS-wt using Q5® Site-Directed 
Circular Dichroism
The far UV CD spectra of the UCS constructs were recorded on a Jasco J-815
Spectrometer. The protein concentration was 1 μM in 30 mM phosphate buffer pH 7.4, 100 mM KCl, 1 mM MgCl 2 , 1mM TCEP buffer. A 0.1 cm path length cuvette was used.
The temperature was automatically adjusted in 5 °C steps from 20 to 60 °C with 25 min of equilibration at each point after reaching constant temperature. The fraction of unfolded protein was calculated, using the following equation: (26, 27) . 
Small angle X-ray scattering (SAXS)
All SAXS data were collected using a Rigaku BioSAXS-1000 camera and ASC- were held at the same temperature as the sample capillary cell, 10° C. For each sample a series of 30 minute exposures were collected, and averaged in SAXLab to produce separate sample and buffer curves of from 6 to 12 hours total exposure (Table   S1 ). Data were collected in the range 0.014 Å -1 < q < 0.68 Å -1 for WT and 0.011 Å -1 < q < 0.68 Å -1 for DEL, and analysis used all significant data to 0.50 Å-1. The 4 mg/ml WT data were radiation sensitive and only the first 6 hours were averaged. The other samples did not display any radiation-induced or time-dependent changes. Buffer subtraction, absorption correction, and MW calibration were performed using the SAXNS-ES server (http://xray.utmb.edu/SAXNS), which also uses an concentration and intensity independent method to determine the MW (28) . Data analysis, including merging of curves, was performed with the Primus program and the P(r) was calculated using DATGNOM, both from the ATSAS suite (29) . The ab initio molecular shape was generated from an average of 15 DAMMIF (30) runs, using the saxns_dammif utility or an average of 4 clustered GASBOR (31) models, using the saxns_gasbor utility, damclust, and damaver. Both P1 and P2 symmetry ab initio models were created.
Rigid body modeling of the dimer was performed using CORAL (29) with the 4i2z PDB model. The concentration-dependent mixture analysis was performed using Oligomer 
Citrate Synthase Activity Assay
Citrate Synthase (CS) Activity Assay was adapted from Buchner at al, (32, 33) .
CS catalyzes the reaction of oxaloacetic acid (OAA) and acetyl coenzyme A (AcetylCoA) to citrate and CoA. The enzyme was determined by a colorimetric test using DTNB, which reacts with the free thiol groups of the reaction product CoA. This reaction was followed in a spectrophotometer at 412 nm. An ammonium sulfate suspension of porcine citrate synthase (Sigma; C3260) was dialyzed against 50 mM Tris-HCl, 2 mM EDTA, 10% glycerol, pH 8.0 overnight at 4 o C, concentrated to about 100-200 µM using
Amicon Ultra centrifugal filters with 30 kDa cut-off limit, and stored at -80 o C.
Prior to activity measurement, CS was diluted to 0.2 µM in 40 mM Hepes-KOH, pH 7.4 and 2-4 µl of the enzyme was mixed with 100 µl TE buffer containing 100 nM 
Plasmid construction for C. elegans
A full-length cDNA for wildtype unc-45 was amplified by PCR (Table S2 ) in three fragments from the wild type cDNA library RB2 (kindly provided by Robert Barstead).
The fragments were ligated into a pBluescript(pBS) vector using either Sma I and Sal I (fragments #1 and #2) or just Sal I (fragment #3) and verified by sequencing. Fragments #1 and #2 were ligated together with pBS after Sal I and Nae I digestion. Fragment 1+2
was then digested out of pBS using Sma I and Sal I and ligated into the pKS-HA vector 
C. elegans Strains
Standard growth conditions for C. elegans were used (35 
Immunostaining in adult body-wall muscle
Adult nematodes were fixed and immunostained according to the method 
Statistical analyses
Unless otherwise stated, data are reported as mean ± standard error of the mean. Student's paired t-test (2-tailed) was applied to determine the significance of the differences. Statistical significance was assigned as not-significant for P > 0.05 and * for P ≤ 0.05.
RESULTS
UCS domain engineered mutations and predicted effects
Guided by the data presented in the Introduction section we have mapped putative key amino acid regions in the UCS domain that may mediate its myosin S1 binding and chaperoning functions. Some of the predicted effects of the mutations are shown in Table I . For example, we hypothesize that deletion of the 'myosin-holding loop' (a highly disordered region, aa N584-D613, "DEL" mutant) should disrupt the interaction with the myosin head. We hypothesize that increasing the rigidity of the loop by adding prolines ("PRO" mutant) in a partially conserved sequence (KFSKQ) should affect the chaperoning activity of the UCS. Proline-rich sequences are known to form rigid and extended structures that are fairly resistant to deformation or rotation (39) (40, 41);
hence a more rigid loop should make the lid of the box close slower, resulting in a reduced chaperone activity.
We also hypothesize that mutations of key conserved residues in the putative 'myosin-binding groove' should reduce the chaperone activity of UCS. Residues Y737
and N745 (Fig. 3) are predicted to play an important role in the interaction of the unfolded or partially unfolded client protein with the groove (17); hence, the bulky side chains of the double mutant Y737W/N745W ("2xW") should lead to a decreased interaction with client and also a weak chaperoning activity. We also mutated Arg 805 to
Trp to test the idea that the stability of the salt bridge between R805-E767 (Fig. 2B) plays an important role in UCS-client interactions, as suggested by Hansen et al. (25) .
In order the test these hypotheses we made recombinant UCS constructs with the mutations listed in Table I . We found that all proteins but the "Groove" construct expressed well as soluble proteins in E. coli. The "Groove" construct expressed as an insoluble protein in inclusion bodies, indicating that this mutation leads to misfolding.
Effect of mutations on secondary structure and stability
In order to determine whether the mutant proteins folded to similar conformations to the WT we collected circular dichroism (CD) spectra in the far-UV region (200-250 nm). The far-UV CD spectrum obtained at 20 o C for the WT UCS domain (Fig. 4) is typical for alpha-helical proteins, showing minima at 208 and 222 nm, which is consistent with the available crystal structure data that show that it is composed almost entirely of armadillo repeats (17) (18) (19) . As seen in Fig. 4 the mean residual ellipticity traces of the PRO, Y737W, 2xW and R805W mutant proteins are very similar to the WT and secondary structure fitting using the K2D3 webserver suggests very little perturbation of the strong alpha-helical structural component (about 68% on average).
In contrast, and to our surprise, the spectrum for the DEL mutant significantly deviates from the wild type, exhibiting a decrease in alpha helix character (to 31%) and increase in beta sheet character (to 36%).
To assess the impact of the mutations on the overall stability of the UCS domain we measured the temperature dependence of the CD spectra. The thermal denaturation curve for the WT UCS domain measured at 222nm ( (Fig. 4) and suggest the DEL mutant has a distinct structure, with an increase beta-sheet component.
Temperature-induced conformational changes of WT and mutant UCS proteins monitored by Trp fluorescence
We further investigated temperature-induced structural changes in the UCS domain by tryptophan fluorescence. Steady-state Trp fluorescence spectroscopy is commonly used to track conformational transitions in proteins as a function of the temperature (43) (44) (45) . The UCS domain has three Trp residues, W517, W530 and W847, thus enabling tracking the global conformational changes of the UCS domain. A surface representation of the three Trp residues reveals that only one residue (W847) is partially buried in the structure (Fig. 6A, top diagram) . We found that the relative Trp fluorescence signal for the WT UCS shows a gradual decrease as the temperature was raised, with a Tm of 27 o C (Fig. 6A) indicating a change from a hydrophobic environment to one of aqueous solvent. Most of this signal likely originates from W847 since the other two Trp residues are solvent exposed. The melting curve for PRO was not significantly different from WT and had a Tm of 27 °C. In contrast, the melting curve for DEL had a significant shift of the Tm by 9 o C, indicating a stabilization of the overall structure as reported by residue W847. (Fig. 6B, top diagram) . So, most of the Trp signal likely originates from the W847 and W805 residues. However, we cannot exclude contributions from residues Y737W and N745W. The temperature-dependence curve for Y737W was very similar in shape to that of WT and had a Tm of 26°C. The curve of the double Trp mutant (2xW) had a Tm of 33°C, suggesting a stabilization of the UCS structure by the N745W mutations with respect to the Y737W; the temperature-dependence curve for R805W is similar to 2xWW with a Tm of 33°C.
These data suggests that the DEL mutation increases the overall structural stability of the UCS domain, suggesting that this mutant has a distinct conformation.
Measuring chaperone activity of mutant UCS proteins using a S1 Mg-ATPase heat inactivation protection assay
To evaluate the effect of mutations on the chaperone activity of the UCS mutants, we measured how effective these proteins would be in protecting S1 domain unfolding (or partial unfolding) when exposed to heat stress. We assessed unfolding under heat-shock conditions by determining the effect of elevated temperatures on its Mg-activated ATPase activity. Residual Mg-ATPase activity of S1 protected by the UCS chaperones were compared to the S1 alone and the relative activity is shown in Fig. 7 ,
where S1 Mg-ATPase activity after 10 minutes at 42 o C is set as 100%. As the data show, the full length UNC-45B and the UCS domain had the strongest heat protection effect (~2200% and ~2600%, respectively) whereas all mutants had a significantly lower heat protection effect on ATPase activity (DEL: ~1000%, WW: ~1600%). These data support our hypothesis that the client-holding loop and conserved residues in the clientbinding groove play an important role in the UCS domain chaperoning activity.
Interestingly the R805W mutation, which is far away from the client-binding groove, also
show a relatively weak chaperoning activity compared to WT.
Measuring chaperone activity of mutant UCS proteins using a heat inactivation Citrate Synthase assay
To further test the effect of mutations on the chaperoning activity of the UCS domain, we used citrate synthase (CS) as a chaperone substrate (33, 46) . CS has been extensively used as a model substrate for the four major classes of molecular chaperones (small heat shock proteins (Hsps), GroEL, Hsp70, and Hsp90 (33, 46) . UNC-45 also prevents heat-induced aggregation of citrate synthase and facilitates its refolding (11, 47) suggesting that like other ATP-independent chaperones (48), UNC-45
can interact with several client proteins. CS is very sensitive to thermal inactivation; its activity is almost completely lost following incubation at 42°C for 10 min and the inactivation of CS followed apparent first-order kinetics (Fig. 8A, black circles) . The presence of UNC-45B during the incubation of CS at 42°C changed the inactivation kinetics significantly (Fig. 8A, Grey triangles) . In the presence of a 10-fold molar excess of UNC-45B the obtained apparent rate constant of inactivation decreased by 4-fold (from 0.2 min -1 to 0.05 min -1 ). Control experiments using 10:1 BSA/CS ratio showed that BSA also protects but at much lower extent (about 120% of relative CS activity; data not shown).
Using this chaperone assay, we tested our UCS mutants by measuring the relative CS activity after incubation for10 min at 42 o C (marked by the cyan bar in Fig.   8A ). As the data shows the DEL mutant has the weakest protection effect of CS from thermal inactivation (3.3-fold lower than WT). The mutations that target the client binding groove, Y737W and 2xW, had a significantly lower protecting effect than WT.
Unexpectedly, and in contrast with the S1 assay, the holding loop PRO mutant was very similar to WT in protecting CS activity from heat. This suggest that the "trap door"
function of the UCS holding loop may depend on particular residues of the exposed client peptides within the groove (more specific for S1 myosin than CS). These data further support our hypothesis that conserved residues in the client-binding groove play a key role in the UCS domain chaperoning activity. Interestingly, as with the CS assay the R805W mutant also displayed a relatively weak chaperoning activity compared to the WT UCS.
Deletion of the client-holding loop leads to a large change in shape of the UCS domain
The CD and intrinsic fluorescence data clearly show that the DEL mutant has a different secondary structure and higher structural stability compared to the WT UCS protein (Figs. 4 and 5) . Also, the thermal protection data of the activity of both client proteins, myosin-S1 and CS, show that the DEL mutant has a weaker chaperone activity than the WT protein (Figs. 7 and 8B) . In order to better understand these findings, we employed small angle X-ray scattering to determine the solution conformations of the DEL and WT proteins. (Fig. S1D) . The dimer interface in the DEL dimer has moved from the first armadillo repeat and is larger, spanning two ARM repeats. A dilution series displays a concentration dependence consistent with a monomer-dimer equilibrium for the WT UCS (Fig. 9C , red squares and line), with an estimated Kd= 0.53mg/ml. In contrast, the dilution series for the DEL mutant is consistent with a dimer at each concentration (Fig.   9C , blue diamonds and line), with an estimated Kd < 0.01 mg/ml. In order to test the hypothesis that the WT protein dimerize via electrostatic interactions (Fig. S1D) , we increased the salt concentration to suppress ionic interactions. Indeed as Fig. S3 shows, the fraction of dimer in solution dramatically decreases when adding 1M LiCl.
The SAXS data suggest that deletion of the loop leads to a significant conformational change of the UCS domain and the formation of a stable dimer. This large change may hinder the access of the unfolded or partially folded client protein to the groove.
Dominant-negative inhibition of thick filament assembly by expression of mutant UCS proteins in C. elegans
We wished to determine the in vivo effects of the expression of UNC-45 carrying these mutations in the UCS domain. In C. elegans, null mutations in the unc-45 gene are "Pat" embryonic lethal, whereas amino acid substitutions in the UCS domain result in adults that show decreased accumulation of myosin heavy chains, decreased and disorganized thick filament assembly (49) (50) (51) . Using the alignment of human and C.
elegans UNC-45 UCS domains (Fig. 2B) , we identified residues in the nematode sequence that are comparable to the residues mutated in the human UNC-45B UCS domain that we are studying. We attempted to use CRISPR/Cas9 gene editing to generate several of these mutants in the C. elegans genome, without success; in several cases we could identify heterozygotes, but could not isolate homozygotes, probably because of embryonic lethality. Therefore, we undertook a different strategy in which we utilized transgenic worms to assess the dominant negative in vivo effects of four different UCS domain mutations -Groove (LTNL AAVQ), R805W, Pro (QFAKH PPGPP), and 2xW (Y750W,N758W). We generated nematodes carrying extrachromosomal arrays with either wildtype or mutated HA tagged unc-45 under the control of the body wall muscle specific myo-3 promoter and used sur-5::GFP as the transgenic marker. Three independently generated transgenic lines were studied for each mutant protein. Animals were grown to adults, fixed, and immunostained with antibodies to myosin (MHC A; red in Fig.10 ), to GFP, and to UNC-95 (both green in Fig.   10 ). Because such transgenic lines show somatic mosaicism, i.e. not every muscle cell receives the array and expresses the protein, we identified which muscle cells actually express the protein, by finding those that also expressed the transformation marker fused to GFP (cells with green nuclei in Fig. 10 ). In addition, to locate the region of the muscle cell that normally contains the thick filaments, we immunostained with anti-UNC-95, which localizes to the base of integrin adhesion complexes in muscle (also green in a dominant phenotype or the mutant protein was so unstable that it was degraded quickly after translation. We used an antibody to the HA tag, along with antibodies to Myosin A and GFP, to verify expression and localization of the HA-tagged UNC-45 protein in the different strains (Supplemental Figure S4) . Wherever the thick filament structure and organization remained intact, the HA antibody can be seen localizing as striations to either side of Myosin A, which is normal UNC-45 localization. However, in the mutants wherever the thick filaments were disrupted, the HA-UNC-45 failed to localize properly and appeared to either be aggregating or reduced compared to the intact portions of the muscle cell. This result suggests that the mutant UNC-45 proteins act as dominant negative poisons. Perhaps this occurs by binding to the normal endogenous UNC-45, and reducing the overall concentration of functional UNC-45, so that myosin heads are not properly folded, and thick filament assembly and organization are affected. This would be consistent with the fact that in crystal structures, UNC-45 has been found in oligomers (17, 20) . These results provide evidence for the biological importance of these UCS regions/residues within the UNC-45 chaperone.
DISCUSSION AND CONCLUSIONS
Here we used a combination of biophysical and biological experimental tools to obtain a better understanding of the molecular mechanisms by which the UCS domain of UNC-45B chaperones its client. We engineered mutations in the chaperone domain of UNC-45B (listed in Table I ) designed to: i) disrupt chaperone-client interactions by removing and altering the structure of the putative client-interacting loop (DEL and PRO mutants, respectively) and ii) disrupt chaperone-client interactions by changing highly conserved residues in the putative client-binding groove (Groove, Y737W, N745Y mutants). We also introduced the R805W mutation to test the hypothesis that the stability of the salt bridge between R805-E767 plays a role in UCS-client interactions (25) .
Our biophysical data show that removing the holding loop (DEL mutation) had the most pronounced effect on the secondary structure and thermal stability of the UCS domain (Figs. 4 and 5) ; there is a significant decrease in alpha helix character (from 68% to 31%) and increase in thermal stability (a Tm shift from 39 o to 43 o ). Also, the DEL mutant has the weakest protection effect on CS from thermal inactivation (3.3-fold lower than WT, Fig. 8 ). The SAXS data revealed that deletion of the loop leads to a significant conformational change of the UCS domain and the formation of a stable dimer (Fig. 9) .
This large change may hinder the access of the unfolded or partially folded client protein to the groove. These results are consistent with the in vivo findings by Gazda et. al. (17) that deletion of this loop mutation neither rescue the defect in C. elegans sarcomere organization nor bind to myosin in immunoprecipitation experiments.
Our in vivo data show that, to our surprise, the R805W mutation appeared to have the most drastic effect on the structure and organization of the worm sarcomeres ( Fig.   10 and Fig. S4 ). This mutation does not affect UCS secondary structure (Fig. 4) or structural stability (Figs. 5 and 6 ) but significantly impairs its chaperoning activity (Figs. Red residues are highly conserved in all three sequences; blue are low consensus residues. Green boxed residues are highly conserved residues in the groove region. * denotes conserved inter-repeat interacting ion pair Glu768 and Arg805 residues. The overall sequence identity between the HsUNC-45 and the other listed UNC-45 proteins is about 36%. ClustalOmega (61) and Multalin (62) were used for the alignment. protected by the chaperones were compared to the S1 alone and relative activity is displayed in the graph, where S1 Mg-ATPase activity after 10 minutes at 42 o C is set as 100%. Table II 
